Abstract In recent years, it has been recognized that the laser diffraction gives valuable information on particle size distribution for all types of dry inorganic or even organic materials. With use of the laser diffraction and the laser granulometer, this paper presents the changes occurring in the granulometric distribution of algal agglomerates and the changes in values of percentiles 10, 50 and 90%, determined basing on volume distribution. While assessing the granulometric composition, the existence of a proportional relationship between the diameter values corresponding to the percentile of 10, 50 and 90% was observed. What is more, the obtained results give insight into the possibility of application of the general Avrami equation to describe the granulometric composition of the algal suspension through the analogy of crystals formation from saturated solutions. The analysis shows that the model described by the modified Avrami equation adequately matched the regression to the experimental data on the granulometric composition of algal suspensions. The values of the correlation coefficients were close to 1, which proves that the regression model explained nearly all cases by the dependent variable V i = F(d i ).
Introduction
Human waste materials production, plant and animal materials, erosion minerals, organic and inorganic compounds affect the surface water quality. One of the symptoms of the ecological imbalance of surface water is the change of water colour caused by massive growth of algae. During seasonal water blooms, the algae cover large areas of open reservoirs forming multi-dispersive suspension systems. It is relatively hard to rapidly describe their particle size and shape in proportion to their natural state without the use of precise microscopes connected with image analysers (Rolinski et al., 2013) . As for now size-related changes of algal biovolume are still estimated on the base of cell shape and calculated using appropriate for the geometric shape formula (Morin et al., 2008; Sitoki et al., 2012; Kaggwa et al., 2013; Mazur-Marzec et al., 2013) . The sizes of individual algal cells may vary by up to 100 lm (Stoyneva et al., 2007) , and their shapes may take different forms. However, microscopy technique used for biovolume calculations may possess several limitations. Regarding detection, inaccurate evaluation of cell shape or size and the application of an incorrect formula for the calculation of cell volume or the lack of a relevant calculation formula in the case of new, unidentified species constitute the restrictions of this approach.
Algal cell size, biovolume, chlorophyll-a, or growth rate parameter are necessary to produce forecasts of algal bloom dynamics and determining the trophic interactions within water quality (Cloot & Pieterse, 1999; Flynn, 2003; Morin et al., 2008; Mao et al., 2009) . The change in the algal size structure can be presented as the surface area to volume ratio (S/V) (Dokulil et al., 2007; Stoyneva et al., 2007) , percentage chlorophyll-a contribution to total biovolume (Dokulil et al., 2007) , or calculated as total biovolume/total density (Souza et al., 2008) . In many studies cell size/algal growth rate relationships are sought (Morin et al., 2008) . Growth of algae is influenced by a variety of biological and non-biological factors, and the ecosystem models incorporates such factors as transparency, temperature, pH, BOD, electrolytic conductivity nitrate and phosphate (Kozak, 2005; Souza et al., 2008; Mao et al., 2009; Lehman et al., 2010; Yao et al., 2011; Lyche-Solheim et al., 2013) .
The algae structure and biomass is hardly accessible by one method alone. Wollschläger et al. (2015) presented overview of methods based on optical and molecular biological approaches which enable analysis of phytoplankton. Currently, it is possible to evaluate the particle size distribution (PSD) of organic suspensions with use of a laser granulometer (BursztaAdamiak et al., 2010) . Laser granulometer does not allow for particle shapes assessment, but it shows the changes occurring in the suspensions system in a rapid and reproducible manner. The differences in sizes of individual particles obtained as a result of granulometric tests may be presented in the form of various variability functions, depending on the substitute mean diameter of the particles (d i ) (Burszta-Adamiak et al., 2012) . The PSD is generally accepted as an important physical property for water and wastewater characterization (Li et al., 2004; Wu et al., 2009; García-Mesa et al. 2010 ). This method is rarely applied in studies on phytoplankton, although Cho et al. (2010) and Xiao et al. (2015) have incorporated PSD for organic sediment assessment. Organic sediments are ubiquitous in aquatic systems and can contain orders of magnitude higher indicator organisms than the overlying water (Droppo et al., 2011) and they physically behave similarly as algae.
Data obtained from laser granulometer do not involve shape nor particle character description nevertheless authors of this study assumed that it could be useful method for the size description of small plant and animal organisms, which float or drift in great numbers. Moreover, the authors found that information on the obtained cumulative PSD F(d i ) may constitute a basis for the analysis of the process of changes occurring in the growth of the particles creating the suspension. The aim of this study was to investigate whether the Avrami equation describing the kinetics of the formation of crystals in a saturated solution can be used as a modified approach to uneven growth of algae particles characterised by PSD derived from laser granulometer. Measurements of the increases in crystal volume or mass during crystallization with use of a laser granulometer were also taken by Judge et al. (1995) quot. Bluma et al. (2009) .
Crystallization process
The creation of algal agglomerates may be initiated by single algal cells creating colonies and producing mucus that increases their adhesion capability at the same time improving the adhesion to the subsequent cells. The extent of changes in the size of algal agglomerates can be linked to the pace of growth of individual grains of the substances remaining in a dissolved state during the crystallization process.
The crystallization process is based on the formation of crystallization nuclei understood as material points of the solid phase, followed by the growth of nuclei and the creation of a super-particular structure in the given system in the time t. It is worth noting that the differentiation and separation of the nucleation process (the formation of nuclei) from the nucleic growth process still remains a subject of research (Khalil et al., 2012) . So far, crystallization kinetics has been widely studied in research on polymers (Lu et al., 1998; Martins & Cruz Pinto, 2002; Krumme et al., 2004) , alloys (Vázquez et al., 2000; Liu et al., 2002) , kaolinite (Fiore et al., 2011) , oil-in-water emulsion (Khalil et al., 2012) or even milk fat fraction and chocolate (Herrera et al., 1999; Fernandes et al., 2013) . The general Avrami equation was applied in the process of crystals formation of any shape and uses substitute spherical diameters. Avrami equation is taking into consideration a constant nucleation rate and constant linear growth in 1-3 dimensions (Lorenzo et al., 2007) . The Avrami equation was developed to describe isothermal conditions of crystallization processes (Supaphol, 2001; Krumme et al., 2004) but as it turns out it can be also applied to the description of non-isothermal processes and analytical data (Di Lorenzo & Silvestre, 1999; Martin, 2010) . According to Málek (1995) , the description of non-isothermal processes is possible only in a limited number of special cases. What is more, for studies on the crystallization of non-isothermal and isothermal conditions thermal analysis and techniques such as DSC (Differential Scanning Calorimetry) have become more popular (Lorenzo et al., 2007; Ovono Ovono et al., 2012) . According to Khalil et al. (2012) and Stelzer et al. (2013) , tests on the formation of crystals can be also carried out with use of light transmittance, polarized light microscopy, viscosimetry, diffusive light scattering, time-resolved synchrotron X-ray diffraction, ultrasound velocity measurements and laser-polarized light turbidimetry.
Materials and methods

Sampling
Studies on changes in the granulometric composition of the algal suspension were conducted since March 2007 until March 2009 on water samples collected from an accurately prepared laboratory bench (a specially made aquarium). Waters used to supply the laboratory bench originated mainly from the pond located in the Stanisław Tołpa memorial park (5187 0 11.46 00 N, 1783 0 16.87 00 E) in the City Centre district of Wroclaw (Poland). This small park pond of the surface area of 5600 m 2 is a relic of a branch of the Odra river. The flora of blue algae and algae existing in the pond was analysed in the years 2001-2010, among others by Richter (2013) and Richter & Matuła (2012) .
Water from the pond, in the amount of 10 dm 3 , was collected in March during the phase of invisible algae development. After introduction of the water to the bench and supplementing it with tap water to the volume of 50 dm 3 , cultivation was continued in a controlled way with respect to abiotic factors (lighting, temperature, nutrients) and in an uncontrolled way with respect to biotic factors (competition). Above the water surface of the tank overhead lighting was installed, with a 12-h cycle of lighting. Constant water temperature was maintained on the level of 22°C. The mixing of water in the tank occurred as a result of movements of inflowing air generated by a pump at defined 93 time intervals set by the programmer. The view of the tank is presented in Fig. 1a -c.
The structure of the algae has been observed through scanning electron microscopy LEO 435 VP. Macroscopic observation revealed biodiversity in species which obstructed identification; however, this fact does not adversely affect the quality of results presented in this article. The performed microscopic analyses of the developing algae demonstrated that the dominant species in the bench were Bacillariophyceae: c.f. Navicula sp., c.f. Eunotia sp., c.f. Synedra sp., c.f. Pinnularia sp. and Oscillatoriales.
Particle size distribution
The algae were examined using laser granulometer Mastersizer 2000 Malvern Instruments Ltd. with a measurement scope from 0.01 to 2000 lm. This instrument is equipped with an optical system consisting of red and blue light sources, a set of detectors, and a measurement cell. In the measurement cell, particles of substance that remain in the suspension scatter and absorb light rays falling in their direction. Three sets of appropriately placed detectors allow for the measurement of the scattered light intensity nearly in the full range of angles. The central detector enables the identification of large particles, side detectors are used for the determination of microsuspension size, and reverse detectors identify colloidal particles. Total sample volume for one measurement was about 600-700 dm 3 ; however, several samples had to be diluted, as too high a concentration of sample did not allow proper values of laser light obscuration (from 10 to 20%) to be obtained in the measurement cell of the granulometer. If the particles are well dispersed, we measure the scattering from each particles and avoid multiple reflection. Bizi & Baudet (2006) and Bushell (2005) attempted to maintain similar obscuration values in their experiments. Macroscopic observations demonstrated that algae may appear as agglomerated particles and for that reason measurements with stirring were needed. In order to keep the sample suspended, dispersed stirring energy was applied to the sample.
Stirring coped with particle-particle and particle-wall collisions and allowed them to be separated. Other laser diffraction measurement uncertainty has been well presented by Sperazza et al. (2004) .
The tests were conducted for the optical properties determined basing on the studies by Quirantes & Stewart (2004; . The absorbing properties of algal populations were 0.1 and the refractive index 1.05.
Modification of the Avrami equation
For the creation of crystals of any shape and for the application of substitute spherical diameters, the Avrami equation in the form (Todinov, 2000) is used:
where u t is the volume share of the crystalline fraction in the solution after time t; L z is the number of nuclei from which the crystals are created; G is the linear pace of crystal growth, linking the crystal diameter r with the duration of crystallization:
In practice, when developing the results of tests on the precipitation of substances from water solutions, the general Avrami equation is used (IUPAC, 1997):
where k 0 and n 0 are constant, while k 0 depends on the environmental conditions, where the phase transformation occurs, and the exponential n 0 is connected with the geometry of the emerging transformation products and may take values from the range [1; 4].
The Avrami equation was introduced in the year 1940 (quot. Yang et al., 2005) , basing on the assumption that spherical particles emerge as a result of the crystallization process. Using the relationship (2) and transforming the Eq. (3) results in:
and after introducing the constant:
then, Eq. (4) takes the form:
which shows that the volumetric share of particles of the diameter d and smaller in the crystalline fraction may be described with use of a relationship analogical to that describing the kinetics of emergence of the crystalline fraction (3). Equation (6) describes the total curve of the volumetric share of particles of the given diameter d together with smaller diameter particles with respect to the volume of all particles that exist in the analysed material. In the further sections of the study, the Eq. (6) will be referred to as the modified Avrami equation.
The non-linear estimation module of the Statistica 10 Pl software was applied to determine the empirical regression coefficients described by the Eq. (6). The calculations were performed with use of the least squares method with the Levenberg-Marquardt algorithm. The value of the sum of squares error (SSE) was adopted as the function of user losses, described by the relationship (7):
where x i are independent values observed in the course of analysis, and x 0 are corresponding values calculated basing on non-linear regression models.
The accuracy of non-linear regression was evaluated basing on the value of the correlation coefficient.
Results
The results of the analysis of the granulometric composition of algal suspension in form of the probability distribution function F(d i ) obtained during the culture growth are presented in Figs. 2, 3 and 4.
The data obtained during the first months did not offer clear results; however, situation has changed after several months. In the initial period of algal growth, the PSD had a multimodal course, and strong changeability of hydro biotic water components was observed. During this period, particles of suspension in the range 1-1200 lm were identified (Fig. 2) . As the experiment continued, a decrease in the share of particles below 10 lm was observed. During the period from September to December 2007, no particles of a size smaller than 10 lm were found in the suspension (Fig. 3) , and the distributions were unimodal. Received distribution curves had microscope image confirmation. After 1 year, the share of particles up to 500 lm accounted for less than 20% of the total volume of suspensions (Fig. 4) . Table 1 Crystallization incorporates homogeneous and heterogeneous nucleation which involves the creation of a stable nucleus whose size and shape is governed by molecular interactions. The crystallization theory takes into account the random nature of the distribution of points in the given system that initiates the process of the creation of ''grains'' of a diameter d that are deposited in the spaces of the emerging structure.
In the case of algal agglomerates, random nucleation was expected. Figures 6 and 7 present sample results of matching function (6) to the test results of algae granulometric composition. Table 2 presents the obtained selected values of the constants K and exponent n for Eq. (6) for models of the percentage share of particles from a given range of substitute mean diameters in the total volume of suspension. In all analysed cases, these constants were statistically significant on the level of 95%. The values of the correlation coefficients were close to one, which means that the regression model explained nearly all cases with use of the dependent variable
The values of the exponent n fell into the range from one to two, corresponding with the growth of nuclei in two dimensions. It was noted that for higher percentile values d(0.5) the exponent n reached higher values. The median of the data collection for the exponent n was 1.17, and the mean was 1.205.
The analysis of the influence of the value of the constant K and the exponent n on the course of the function V i = F(d i ) (Figs. 8, 9) shows that the share of grains with small diameters increases with the increase in the K constant, while at lower values of the exponent n the function V i = F(d i ) is characterised by a wider range of diameter changeability. A decrease in the value of constant K is observed at the increase of the exponent n.
Discussion
Aspects of ecological status are the underlying reasons why there is a need to study and model the algal bloom dynamics. In many studies, it has been presented that the dynamics of nutrient consumption reflect the growth of organisms (Flynn, 2003) , and little can be said about dynamics of algal size changes. Normally, studies of algal growth kinetics have been performed using deterministic water quality models which also simulate nutrient uptake and photosynthetic production (Mao et al., 2009 ). Flynn (2003 presented that there are three main modelling strategies for phytoplankton growth: Monod, quota, and mechanistic. However, algal cells are able to assimilate nutrients much faster than what is required to support their metabolism. This is why biomass growth rate might not be directly related to the external concentration of the limiting substrate in the In this paper, it was demonstrated that the Avrami's theory could be applied in order to simulate the algal suspension formation, in laboratory test. Important difference laboratory conditions from the natural environment is the absence of mortality by grazing and concentrations of all necessary nutrients, vitamins, and trace metals (Berge et al., 2012) . To our knowledge, no studies have attempted to model this phenomenon; however, Tran et al. (2013) proposed a kinetic modelling of colonization of mortar surface by green algae using Avrami's law. Additionally Tran et al. (2012) suggested that the Avrami's law is often use by other authors to express function f(X) when X(t) is a sigmoidal curve. Avrami's model is based on two processes nucleation and growth. The nucleation corresponds to the appearance of very small grains called nuclei and growth, and represents the increase in the size of nuclei during the time t. The first algal grains which were visible on the surface of the tank were detected after latency period lasted 30 days. A similar latency period was presented for mortar algae and lasted between 50 and 100 days (Martinez et al., 2014) . Initially algal grains were very small and randomly distributed on the surface of the tank; however, after latency period exponential rapid growth was observed. The algal grains growth rate was independent of the appearance time. Considering all the measurements done on the algal samples three steps of growth was notice: nucleation, growth and stagnation just as suggested Tran et al. (2013) .
The analysis shows that the model described by the modified Avrami Eq. (6) adequately matched the regression to the experimental data on the granulometric composition of algal suspensions contained in nearly all the analysed samples, with the exception of those collected on the 19.12.2007, 09.01.2008, 15.02.2008, 16.05.2008 and 27.06.2008 . That part of the test period was characterised by a dynamic process of growth of the algal culture, which led to the obtaining of the highest differentiation in the values of the empirical distribution for percentiles d(0.1), d(0.5) and d(0.9). The differentiation of the dimensions of algae during periods of growth and in the prolonged time of cultivation caused a temporary mismatch of the model to the granulometric composition data. In addition, the PSD determined in the tests during the period of changes indicates the existence of various paces of algal growth, i.e. the existence of two cultures of algae-old and new one. This can be seen as a less accurate matching of the particle size composition to the mathematical formula of the model (dotted line shown in Fig. 6 ).
Conclusions
The research on algae cultures grown in laboratory conditions showed that the laser granulometer allows for indirect identification of the dynamics of participation changes of suspension particles in the open expanses of standing water exposed to eutrophication and the granulometric composition of algal suspension can be described by the Eq. (6), analogous to Avrami equation.
Currently the changes in particle size are described with use of the general gamma function distribution equation, distribution functions by Rosin-RammlerBennett, Gamma, exponential, v with k degrees of freedom, v 2 with k degrees of freedom. Apart from the Rosin-Rammler distribution function, the GatesGaudin-Schumann, Gaudin-Meloy and Harris models are often used for the linearization of the V(d i ) function. On the other hand, there is no universal description of changes V(d i ) that would take into account grain growth mechanisms. The modified Avrami equation is suitable for the modelling of changes in the V(d i ) functions due to several reasons. First, this is the only model for which it was possible to match the measurement data throughout the whole range of sizes, and second, it takes into account the random nature of spatial distribution of individual cells, their contacts, division, and the influence of these phenomena on the growth pace. The growth model described by the modified Avrami equation works well in the phase of initial rapid growth of algae, and in the period when the growth pace is stabilised. During the period of changes occurring in the population (dying of cells, aggregation resulting from the division and adhesion processes), the matching of the obtained PSD to the model is hindered. However, this is a transition phase. Algae stabilise their vital processes slowly and some of them die. The remaining organisms adapt to the new living conditions, they enter the growth or stabilisation phase, followed by dying. As a result of the changes occurring in the Particle size, µm n = 0.8 n = 1.0 n = 1.4 n = 1.8 Fig. 9 Influence of the exponent on the degree of transformation V(d i ), understood as the total volume of all grains of the suspension of substitute diameters equal or lower than d (diagrams were created for value K = 0.1) population in certain periods of time, it is impossible to match the obtained data to the model. The studies on the application of the modified Avrami equation are of a pioneering nature. The possibility to describe algal suspension by the modified Avrami equation raises the hypothesis that the mechanism of algal suspension formation is similar to the mechanism of the formation of crystals from saturated solutions. This research can serve as a base for future studies in this area. Currently, as a result of the existence of global algae industry, there is a need to develop the technical challenges for optimising the cultivation of algae. Additionally, the continuation of the analyses presented in our study increases the chances to introduce new cell size/algal growth parameter to the existing models of algal bloom dynamics.
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